INTRODUCTION
Transformers have been widely employed in the silicon RFIC design [1] [2] [3] [4] [5] [6] [7] . However, not too much study has been done along the direction of GaAs transformers even though GaAs technologies entered the GHz regime well before the silicon technology. One possible reason is that because GaAs has the semi-insulating substrate, and the impedance matching design method can be applied straightforwardly to maximize the circuit performance such as the power gain for amplifiers. Thus, various transmission lines on semi-insulating GaAs substrate have been widely used and characterized in the past and the single-ended circuit topology prevails in the guided-wave impedance matching design methodology. The advanced silicon IC technology driven by the aggressively silicon device scaling has made possible the silicon RFICs. Because silicon has lossy substrate, the differential operation is inevitable to keep the signal integrity at the GHz regime. Thus, many differentially operated analog circuits such as Gilbert mixers and cross-coupled oscillators have been introduced in the silicon RFIC design [8 -10] . The transformer which serves as the important ingredient for the differential operation has gained its role in the RFIC design.
Recently, the analog circuit design approach at the GHz regime has also gained its ground in the GaAs-based technology [11] . The GaInP/GaAs HBT Gilbert mixers exhibit excellent performance. Low-IF Hartley receiver with polyphase filters, dual conversion Weaver receiver, and subharmonic direct conversion receiver have also been implemented by the GaInP/GaAs HBT technology [12] [13] [14] [15] . Transformer-based GaInP/GaAs Gilbert mixers have been demonstrated for the low-voltage operation at high frequencies [5] [16]. The state-of-the-art transformer oscillators have also been demonstrated in GaInP/GaAs HBT technology [17] . Apparently, there is a need to perform a detailed study for RF transformer on GaAs substrate.
GaAs TRANSFORMER MODEL
A transformer equivalent circuit model suitable for GaAs is shown in Figure 1 . L p is the primary port self-inductance, L s is the secondary port self-inductance, and M is the mutual inductance. R p and R s are the series metal resistances of the primary winding and the secondary winding, respectively. C1 is the parasitic capacitance between the primary winding and the ground, C2 is parasitic capacitance between the secondary winding and the ground, and C3 is the capacitance between two windings. The GaAs transformer equivalent circuit is distinguished from the silicon transformer model in two aspects. First of all, the absence of resistors in parallel with C1 and C2 is evident by the fact that GaAs has a semi-insulating substrate. Second, the C1 and C2 are larger because of the standard GaAs process has a final substrate thickness of 100 m to facilitate the GaAs microstrip line. At low frequencies, all the parasitic capacitance can be neglected. Thus, the following equations can be employed to evaluate the inductances and resistance.
The quality factors for the primary winding and the secondary winding and the coupling factor can thus be defined by the following equations. Thus, quality factor, inductance, and coupling coefficient can be plotted as a function of frequency once the transformer's S parameters are measured without exploring the equivalent circuit model.
VARIOUS GaAs TRANSFORMERS
The GaAs process employed here has only two interconnect metal layers. The first metal is 1 m in thickness, the second metal is 1.6 m in thickness, and the intermetal dielectric polyimide is 1.6 m in thickness.
Stacked Transformers
Photos of two stacked transformers (5:5 and 9:9) are shown in Figure 2 . The primary winding consists of both Metal 1 and Metal 2. The metal width is 5 m and the spacing is 2.5 m, respectively. It is obvious that the primary winding is identical to the secondary winding. Thus, only the quality factor and inductance for the primary winding are shown in Figure 3 (a). The coupling coefficient and transmission gain are also shown in Figure 3 (b).
The coupling coefficients at 1 GHz for the 5:5 and 9:9 stacked transformers are 0.74 and 0.89, respectively. Table 1 summarizes the results.
Coupling Stacked Transformers
The vertically coupled stacked transformers employed by Zannoth et al. [6] , which require only two metal layers, are used here. The Table 2 summarizes the results.
Interleave Transformers
Photos of two interleave transformers (4:4 and 5:5) are shown in Figure 6 . Metal 2 is used for the winding while Metal 1 is used as the underpass. The metal width is 3.2 m and the spacing is 3.8 m, respectively. It is obvious that the primary winding is identical to the secondary winding. Thus, only the quality factor and the inductance for the primary winding are shown in Figure 7 (a). The coupling coefficient and transmission gain are also shown in Figure 7 (b). The coupling coefficients at 1 GHz for the 4:4 and 5:5 interleave transformers are 0.77 and 0.88, respectively. Table  3 summarizes the results.
Symmetrical Transformers
Photos of three 4:3 symmetrical transformers are shown in Figure 8 . Metal 2 is used for the winding while Metal 1 is used as the underpass. The metal width is 3.8 m and the spacing is 3.8 m for the first two symmetrical transformers. The inner diameter is smaller for the first one. The second symmetrical transformer has the same inner diameter as the third symmetrical transformer. However, the third transformer has different metal width for the primary winding (2.2 m) and the secondary winding (5.2 m). The spacing for the third one is still 3.8 m. The quality factor and inductance for the primary winding and the secondary winding are shown in Figures 9(a) and 9(b) . The coupling coefficient and transmission gain are also shown in Figure 9 (c). The coupling coefficients at 1 GHz for the three Table 4 summarizes the results.
CONCLUSIONS
Four different types of the transformers, including stacked transformers, coupling stacked transformers, interleave transformers, and symmetrical transformers, are implemented on the GaAs substrate. In this article, the properties and trade-offs are discussed and the measurement data is also established to provide a useful design library for GaAs RFIC applications. 
INTRODUCTION
Electromagnetic waves with a frequency lower than some cutoff cannot propagate through a metal wire mesh. This principle is the basis for photonic crystals composed of a three-dimensional periodic structure of metallic wires [1] or the bandgap is calculated for a negative dielectric constant due to surface plasmon polaritons on the metal wire mesh [2] . The propagation modes in a waveguide whose walls are replaced with metal wires have been calculated [3] . A waveguide structure whose E-planes are replaced by metal wires can easily confine electromagnetic waves because the direction of the electric field is parallel to the wires. Recently, parallelplate postwall waveguides [4] and substrate-integrated waveguides (SIWs) [5] have been constructed, consisting of microstrip lines with only one row of metal wires on each side. A SIW is synthesized by forming two rows of metallic holes in a substrate. The field distribution in a SIW is similar to that in a conventional rectangular waveguide. In this article, the attenuation constants of metallic photonic crystal (MPC) waveguides, whose E-planes are replaced by arrayed metallic rods, are calculated and compared with those of conventional metallic waveguides.
BASIC STRUCTURE
The basic structure of the MPC waveguide is shown in Figure 1 . It is composed of metal rods arranged in a triangular or square lattice. One or more rows are removed and they are sandwiched between parallel metal plates. Consequently, the E-planes have been replaced with MPCs while the H-planes have been left as is. Define a as the lattice constant of metal rods and w as the gap width between the removed rods. For a triangular lattice, w is narrower than that of a square lattice for the same value of a. The field distribution in the waveguide is similar to that in a conventional rectangular waveguide and is uniform along the y-axis. Figure 2 shows a bandgap map for E polarization (in which the electric field is parallel to the axis of the metal rods) with varying normalized radius of the rods r/a. The areas enclosed by the oblique lines represent bandgaps where no propagation modes exist. We fixed the values of r/a at 0.1, 0.2, and 0.3 for w/a ϭ 2.5 and removed one row of metal rods from them. The propagation modes for this waveguide were calculated using the supercell approach [6] , by applying periodic Bloch boundary conditions to the unit cell [7] . The results are shown in Figure 3 . The upper area of the bandgap is out of reach when a/2c Ͼ 0.42 (r/a ϭ 0.1), a/2c Ͼ 0.6 (r/a ϭ 0.2), and a/2c Ͼ 0.94 (r/a ϭ 0.3) for triangular lattices; and when a/2c Ͼ 0.38 (r/a ϭ 0.1), a/ 2c Ͼ 0.52 (r/a ϭ 0.2), and a/2c Ͼ 0.74 (r/a ϭ 0.3) for square 
